Triple negative breast tumors don't respond to Tamoxifen and Herceptin, two of the most effective medications for treating breast cancer. Additionally, triple negative breast cancer (TNBC) intrinsically resists or will eventually acquire resistance to chemotherapy. The purpose of this study is to understand better the molecular basis of TNBC as well as develop new therapeutic strategies against it. Here, we analyzed miRNA-206 expression levels in breast cancer cell lines and tissues. In addition, we investigated whether miR-206 mimics inhibited TNBC tumor invasion and angiogenesis. The results showed that miR-206 was downregulated in TNBC compared to non-TNBC cell lines and tissues. Additionally, the decreased levels of miR-206 were inversely consistent with expression levels of VEGF. Furthermore, the forced expression of miR-206 in the mimic-transfected TNBC cells downregulated VEGF, MAPK3, and SOX9 expression levels. The miR-206 mimics inhibited TNBC breast cell invasion and angiogenesis. These findings demonstrate for the first time the involvement of miRNA-206 in TNBC invasion and angiogenesis and suggest that miR-206 may be an efficient agent for therapy of TNBC.
Introduction
Triple negative breast cancer (TNBC) refers to a specific subtype of breast cancer that lacks expression of the estrogen receptor (ER), progesterone receptor (PR) or human epidermal growth factor receptor 2 (her2/neu) [1, 2] . TNBC is one of clinically aggressive subtypes and associated with overall poor prognosis [3] [4] [5] . Patients with TNBC have an increased likelihood of metastasis and distant recurrence compared to patients with other breast cancers [5, 6] . In addition, patients with TNBC are more likely to have grade III tumors [5] . It is diagnosed more frequently in African-American women [7, 8] . ER, PR, and Her2/neu are known to enable cancer development, and the most successful breast cancer treatments are hormone-based drugs that directly target these receptors. Unfortunately, Tamoxifen and Herceptin, two of the most effective medications of targeted therapy for breast cancer fail to work for TNBC patients. Therefore, there is a major unmet need to better understand the molecular basis of this type of breast cancer as well as develop new therapeutic strategies against it.
To improve our understanding of the molecular mechanisms of the metastatic process and benefit prognosis and therapy of advanced breast cancer, it is critical to investigate whether microRNAs (miRNAs) are involved in TNBC growth and progression. Vascular endothelial growth factor (VEGF), the major mediator of angiogenesis and tumor proliferation [9, 10] , is frequently overexpressed in a variety of cancers [11, 12] . Numerous studies have shown that VEGF actively contributes to cancer progression through angiogenesis, metastasis, and chemotherapeutic resistance [13, 14] . MiR-206 expression levels have been reported as downregulated in a few types of cancer tissues compared to normal tissues [15] [16] [17] , and low expression levels are correlated with poor overall survival [18] and metastasis of lung cancer [19] . The roles of miR-206 in tumor progression, especially in TNBC progression, are not well understood so far. In the present study, we show for the first time that miRNA-206 is a potential therapeutic target for triple negative breast cancer through modulating contributors to angiogenesis, such as VEGF.
Materials and methods

Breast cancer cell lines and culture
The human TNBC cell lines MDA-MB-231, MDA-MB-435, and HCC1395 were grown in RPMI1640 medium containing 10% FBS, 100 U/ml of penicillin sodium, and 100 µg/ml of streptomycin sulfate at 37 °C in a humidified atmosphere of 5% CO 2 . MCF-7, an ERexpressing breast cancer cell line, was cultured in DMEM medium containing 10% FBS plus 10 µg/ml insulin. SKBR3, a Her2/neu-expressing human breast cancer cell line, and MDA-MB-361 expressing ER, PR, and Her2/neu, were incubated with RPMI1640 containing 10% FBS plus 100 U/ml of penicillin sodium and 100 µg/ml of streptomycin sulfate.
Tissue samples and immunohistochemical staining
The sources and characteristics of archived breast tumor and normal breast samples are summarized in Table 1 . These samples were obtained from the Avon Tissue Bank for Translational Genomics Research at Grady Memorial Hospital in Atlanta, GA. The detailed staining procedure and semi-quantitative method of immunohistochemical staining of these formalin-fixed and paraffin-embedded tissue sections for VEGF were described in our previous paper [20] .
RNA isolation from formalin-fixed and paraffin-embedded tissues and quantitative real-time RT-PCR
Total RNA was extracted from formalin-fixed paraffin-embedded breast cancer tissue sections after deparaffinization by using Trizol Reagent (Invitrogen, Carlsbad, CA) following the manufacturer's instructions following our previous description [20, 21] . Regular and quantitative RT-PCR were performed following our previous descriptions [21] . Primer sequences of miR-206, and U6 snRNA are as follows: miR-206 (GeneBank accession number NR029713), 5'-CGAGGCCACATGCTTCTTTA-3' and 5'-CCGAAACCACACACTTCCTT-3'; U6 snRNA (GeneBank accession number NM_012321), 5'-CGGGTTTGTTTTGCATTTCT-3' and 5'-AGTCCCAGCATGAACAGCTT-3'. SYBR Green quantitative PCR reaction was carried out in a 15 µl reaction volume containing 2× PCR Master Mix (Applied Biosystems) following our previous reports [22, 23] .
Transfection of hsa-miR-206 mimics and Western blotting analyses
The hsa-miR-206 mimics were purchased from Dharmacon (Lafayette, CO). The mimics or control oligonucleotides were transfected into TNBC MDA-MB-231 cells and an estrogen positive human breast cancer MCF-7 cells at a final concentration of 100 nM. The transfected cells were collected at 48 hours post-transfection. Proteins were resolved in an SDS/PAGE gel and subjected to immunoblot analysis using monoclonal antibodies against VEGF (EMD Millipore, Billerica, MA), MAPK3 (Abcam, Cambridge, MA), SOX9 (Abcam, Cambridge, MA), or β-actin (Sigma-Aldrich, St. Louis, MO). All antibodies were used at 1 µg/ml of working concentration in PBS with 5% dried milk. Detection by enzymelinked chemiluminescence was performed according to the manufacturer's protocol (ECL; Pierce Biotechnology Inc., Rockford, IL).
Tumor Cell Invasion Assay
The invasion assay was performed by using a Matrigel invasion chamber from BD Biocoat Cellware (San Jose, CA) as previously described [24] . The 2×10 4 of miR-206 mimictransfected or control oligonucleotides-transfected TNBC MDA-MB-231 and non-TNBC MCF-7 cells were added into the top chambers. The Matrigel invasion chambers were then incubated for 16 hrs in a humidified tissue culture incubator. Invading cells at the bottom was determined by counting the H&E-stained cells.
Matrigel plug assay and hemoglobin assay
For an in vivo angiogenesis assay (Matrigel plug assay), 2×10 5 MDA-MB-231 or MCF-7 cells were mixed with 0.5 ml of growth factor-reduced Matrigel (BD Biosciences) and implanted subcutaneously into the flanks of nude mice. From the following day, six mice in each group were treated with 100 µg/kg miR-206 mimics or control oligonucleotides via daily subcutaneous injections between the two plugs on the back of the mice. The animals were sacrificed and the Matrigel plugs were excised 10 days after Matrigel injection. The excised plugs were homogenized and subjected to measure hemoglobin content with 100 µL of Drabkin's solution (Sigma, St. Louis, MO) following manufactural instruction and our previous description [25] .
Statistical analysis
Real-time RT-PCR reaction was run in triplicate for each sample and repeated at least 2 times, and the data were statistically analyzed with a Student T-test.
Results
MiR-206 was prominently downregulated in TNBC tissues and inversely correlated with VEGF
Quantitative RT-PCR results show that expression levels of miR-206 are obviously lower in TNBC cell lines than those in non-TNBC cell lines (Fig. 1A) . Similarly, TNBC tissues express prominently lower levels of miR-206 compared to non-TNBC tissue samples and normal breast tissues ( Fig. 1B) . It is worth noting that non-TNBC tissues expressed lower miR-206 compared to normal breast tissues but miR-206 levels in non-TNBC tissues were higher than those in TNBC tissues (Fig. 1B ). Furthermore, we analyzed the expression levels of VEGF protein determined by immunohistochemical staining in breast cancer tissue samples. VEGF expression levels were inversely correlated with those of miR-206 in breast cancer tissues (Fig. 1C ). These results demonstrate that expression levels of miR-206 are predominantly downregulated in TNBC tissues in comparison to non-TNBC tissues and normal breast tissue samples and are inversely correlated with the levels of VEGF.
MiR-206 mimics predominantly inhibit the invasion of TNBC cells in vitro
To investigate whether miR-206 mimics block the invasion of TNBC cells, miR-206 mimics or control oligonucleotides were transfected into TNBC MDA-MB-231 and non-TNBC MCF-7 cells. The invasive cells of treated groups were determined and compared to their controls by Matrigel invasion assay. Fig 2A shows representatives of invasive cell photographs from individual groups. Matrigel Invasion assay shows that the invasion of TNBC cells transfected with miR-206 mimics was only 12% of that of the control (Fig. 2B) . These results demonstrate that miR-206 inhibits the invasion of 88% of TNBC cells. In addition, Fig.2 shows that less invasive non-TNBC MCF-7 cells were observed in comparison to TNBC MDA-MB-231 cells. MiR-206 mimics blocked 62% invasive MCF-7 cells, though it was less than 88% invasive inhibition of TNBC MDA-MB-231 cells (Fig.  2B) . These data suggest that miR-206 mimics efficiently inhibit the invasion of breast cancer cells, particularly TNBC cells.
MiR-206 mimics predominantly inhibit the angiogenesis of TNBC tumors by Tumor Angiogenesis Assay
To determine the effect of the miR-206 mimics on angiogenesis in vivo, Matrigel plug assay was performed in nude mice. When MDA-MB-231 cells successfully promote the neovasculature formation within the Matrigel plug, these neovasculatures allow tumor cells to proliferate much better than those without neovasculatures. Microphotographs of the miR-206 mimic-treated Matrigel plugs in the left panel of Fig. 3A show fewer neovasculatures compared to the control. H&E staining shows that fewer red cells present in the Matrigel plug sections from treated groups compared to the control in the right panel of Fig. 3A . Therefore, the control group with better angiogenesis in the Matrigel plugs showed 
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Author Manuscript more red cells than the treated group (Fig. 3A) , particularly in the TNBC MDA-MB-231 control groups. Figure 3B showed the percentage of antiangiogenic efficacy based on hemoglobin content in 10 Matrigel plugs per group. MiR-206 mimics show an obvious antiangiogenic effect with 67 % inhibition of angiogenesis compared to the oligonucleotide control. In addition, a 54% inhibition of angiogenesis in the MCF-7 derived Matrigel plugs was observed with miR-206 mimic treatment compared to the control (Fig. 3) . These results suggest that miR-206 mimics predominantly inhibit TNBC angiogenesis.
VEGF, SOX9, and MAPK3 are predicted targets of MiR-206 miRNA
The results of a search for the predicted targets with TargetScan showed that VEGF, MAPK3, and SOX9 are predicted targets of miR-206 ( Fig. 4A ). To verify whether miR-206 directly targets VEGF, we performed a luciferase reporter assay. The results showed that luciferase activity from the vector with the VEGF 3'-UTR segment containing miR-206 binding sites was inhibited by miR-206 mimics in a dose-dependent manner (Fig. 4B) . Furthermore, the miR-206 mimics downregulated expression levels of VEGF, MAPK3, and SOX9 proteins in TNBC cells compared to control oligonucleotide-transfected TNBC cells ( Fig. 4C ).
Discussion
The expression levels of miR-206 are predominantly decreased in TNBC cells and tissue samples compared to non-TNBC and normal breast tissue samples. Previous studies suggest that downregulation of miRNAs may play a role in cancer progression [26] [27] [28] . Despite strong evidence suggesting that miRNAs can be potential biomarkers for cancer diagnosis and personalized therapy, only a few publications have reported on the involvement of microRNAs in development of triple negative breast cancer. Recently, a few of reports have shown that miR-206 plays a critical role in the growth, migration, and metastasis of breast cancer as a tumor suppressor [29] [30] [31] . However, the roles of miR-206 in the growth and progression in TNBC are not well understood so far. In the present studies, our results showed that non-TNBC tissues expressed lower miR-206 compared to normal breast tissues but miR-206 levels in TNBC tissues were particularly lower than those in non-TNBC tissues. The particularly lower expression of miR-206 in TNBC cells and tissues provides not only important evidence for understanding mechanisms of TNBC growth and progression, but also offers the chance to identify new therapeutic targets for the therapy of TNBC.
Our present studies show that miR-206 is antagonistically involved in TNBC invasion and angiogenesis. Numerous studies have shown that VEGF actively contributes to cancer progression through angiogenesis, metastasis, and chemotherapeutic resistance [13, 14, 32] . Dysregulation of Mitogen-activated protein kinase (MAPK) levels in patients has been shown to be associated with advanced stages and short survival in patients with prostate, breast, and liver cancer [33, 34] . SOX9, a transcription factor, has exhibited several prooncogenic properties, including the ability to promote proliferation, inhibit senescence, and collaborate with other oncogenes in neoplastic transformation [35] . Bioinformatics analysis shows that VEGF, SOX9, and MAPK are the predicted targets of miR-206. However, VEGF, SOX9, and MAPK have not been characterized as the targets of miR-206. Our results show that the elevated levels of miR-206 in mimic-transfected TNBC MDA-MB-231 cells not only downregulated expression of VEGF protein, but also repressed the expression of SOX9 and MARPK and further inhibited TNBC cell invasion and angiogenesis. Here, we report for the first time miR-206 as a suppressor to modulate VEGF-mediated invasion and angiogenesis of TNBC tumor cells. Our results demonstrated that the loss of miR-206 in TNBC cells contributed to the overexpression of VEGF, MAPK3, and SOX9.
Novel targeted therapies, such as PARP and EGFR inhibitors for TNBC therapy alone or in combination with chemotherapy, are currently under study. Anti-EGFR antibodies and EGFR tyrosine kinase inhibitors are promising in the treatment of TNBC with EGFR gene amplification [36] . However, resistance of breast cancer cells has been demonstrated to some of these inhibitors [37, 38] . The mechanism of TNBC progression and novel therapeutic approaches needs to be investigated and developed. The advantage of miRNAs is their ability to affect multiple targets with a single hit, thus regulating a whole network of interacting molecules [39] . A recent study showed that miR-206 was downregulated [29] in human breast cancer tumors. Furthermore, miR-206 reduced cell proliferation through targeting 6-Phosphofructo-2-kinase (PFKFB3) to control the rate of glycolysis [29] and inhibited migration in breast cancer cells and T-box transcription factor Tbx3 [29, 31] . In our studies, miR-206 has shown to be downregulated in breast cancer cell lines and tissues, particularly in TNBC cell lines and tissue samples. Furthermore, the efficient inhibition in the invasion and angiogenesis of TNBC cells by miR-206 replacement treatment was observed in this investigation. Taken together, miR-206 may be a robust target for the inhibition of the growth and metastasis of triple negative breast cancer through modulating multifaceted signaling pathways.
In conclusion, we have shown that expression of miR-206 is negatively correlated with VEGF expression, particularly in TNBC cells. Furthermore, the elevated levels of miR-206 by transfection of miR-206 mimics not only down-regulate expression of VEGF, MAPK3, and SOX9, but also particularly inhibit TNBC invasion and angiogenesis. Our findings further contribute to the understanding of TNBC regulation. Additionally, these findings may be beneficial for designing personalized therapy for breast cancer patients.
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